Key Points for Decision Makers {#d30e251}
==============================

• Invasive meningococcal disease (IMD) outbreaks are associated with substantial costs to society with a high public health burden such as IMD treatments, containment strategies, high case fatality ratios, and anxiety and disruption to the communities.

• Limited literature exists to quantify the burden associated with IMD outbreaks.

• The average cost per IMD case was \$41,857 for small containment strategies and \$55,755 for large containment strategies.

• Small outbreak containment strategies had approximately 50 % lower total costs compared to large outbreak containment strategies in high-income countries, yet total costs per containment strategy were highest in low-income countries.

• Cases associated with outbreaks were likely to result in higher disease burden compared to sporadic cases, due to higher case fatality ratios.

Background {#Sec1}
==========

Invasive meningococcal disease (IMD) is a bacterial infection that can be caused by *Neisseria meningitides* or meningococcus that causes the lining surrounding the brain and spinal cord to swell \[[@CR1]\]. It is transmitted between humans through droplets of respiratory or throat secretions \[[@CR1]\]. Although relatively rare in endemic areas (i.e., 1 or 2 cases per 100,000 infected individuals) \[[@CR2]\], IMD is very serious with a rapid onset, leading to death within 24--48 h in some cases \[[@CR3]\]. Data from a prospective cohort study in the United Kingdom (UK) found that approximately 2 % of children infected with IMD died within 5 years \[[@CR4]\]. IMD is associated with long-term sequelae, including neurological damage and limb amputation \[[@CR5]\]. It is one of the most feared diseases because of its potential for devastating effects on large populations \[[@CR6]\].

Data from endemic and epidemic areas indicate that the largest number of IMD cases occur among children and adolescents in many countries \[[@CR6]\]. A meta-analysis of carriage (i.e., individuals who carry the meningococcus bacteria without any adverse effects) indicated that 10--20 % of adolescents are asymptomatic carriers and therefore are the major transmitters of disease \[[@CR7]\]. Vaccines have been available for over 30 years and are the best preventive strategy for children and adolescents \[[@CR8]\].

The epidemiology and serogroup distribution of IMD varies geographically and has been found to be unpredictable and very dynamic \[[@CR6]\]. The majority of cases due to *Neisseria meningitides* are caused by six serogroups: A, B, C, X, Y, and W-135 \[[@CR9]\]. Outbreaks of IMD commonly occur in the African meningitis belt and serogroup C outbreaks (particularly those affecting university students) were key factors for introducing routine vaccination in North America and Europe \[[@CR10]\]. It is important to note that the outbreak serogroup may not always reflect the wider epidemiology in the region.

According to the World Health Organization (WHO), an outbreak is "the occurrence of cases of disease in excess of what would normally be expected in a defined community, geographical area or season" \[[@CR11]\]. Although IMD outbreaks are rare in endemic areas, such as North America and Europe, the case fatality ratio is higher for cases resulting from outbreaks compared to sporadic cases \[[@CR12]\]. Furthermore, when IMD outbreaks do occur, they are associated with substantial costs to society \[[@CR12], [@CR13]\], as well as public panic and immense disruption to public health and communities \[[@CR14]--[@CR16]\].

IMD vaccines currently available include polysaccharide or conjugated. Both vaccine types provide protection against different combinations of serogroups A, C, W-135, and Y \[[@CR8]\]. The advantages of conjugate vaccines over polysaccharide vaccines are well established and include longer duration of protection, no hyper-responsiveness, more immunogenicity for younger ages, and the potential protection against carriage (hence contributing to herd immunity) \[[@CR8], [@CR17]--[@CR21]\]. A recent Cochrane review of the polysaccharide vaccines suggests that vaccine efficacy beyond the first year of vaccination could not be established \[[@CR22]\]. Furthermore, according to WHO, use of polysaccharide vaccines might not be optimal in areas where outbreaks occur repeatedly (e.g., meningitis belt in Africa) because the protection is short lived, resulting in a substantial number of additional vaccinations required \[[@CR23]\].

There are important health economic questions with respect to the routine versus sporadic use of vaccines to prevent meningococcal disease. However, to assess this robustly in a health economic model, the full burden of the disease needs to be assessed and included. In order to understand the true economic burden of IMD and potential benefit that could result from vaccination, reports on the cost associated with the prevention of secondary cases (e.g., containment strategies) are required. Our objective was to synthesize the costs associated with IMD outbreaks through a systematic review of the literature. Our specific systematic review question was: "Based on data from costing studies, what are the costs associated with containment strategies for IMD outbreaks?"

Method of Review {#Sec2}
================

The Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) Statement was used to guide the reporting of this review \[[@CR24]\].

Eligibility Criteria {#Sec3}
--------------------

Reports were included if they provided cost data related to the containment of an IMD outbreak. The WHO definition of an outbreak was used \[[@CR11]\]. Only reports written in English, French, and Spanish were included because reviewers were fluent in these languages. Furthermore, only those disseminated after the year 1990 were included because the epidemiology of IMD has changed over time \[[@CR9]\].

Information Sources and Search {#Sec4}
------------------------------

Medical subject headings and text words related to IMD outbreaks were used to search MEDLINE (OVID interface, 1950 to July Week 2, 2010) and EMBASE (OVID interface, 1980 to 2010 Week 28), restricted to articles indexed after 1990 without any language or study design restrictions. To supplement the search, the reference lists of included studies were scanned and the authors' personal files were searched. We also contacted the authors on some of the included studies by email to ensure all relevant costing studies were captured.

The search strategy for the main electronic search (MEDLINE) is presented in the [Appendix](#Sec18){ref-type="sec"}. Details on the other search (EMBASE) are available upon request from the authors. An experienced information specialist, as advised in the PRISMA Statement \[[@CR24]\], conducted all of the literature searching.

Study Selection {#Sec5}
---------------

One reviewer screened the citations (i.e., titles and abstracts) for inclusion using a predefined relevance criteria form based on the eligibility criteria reported in Sect. [1.1](#Sec3){ref-type="sec"}. A second reviewer screened the list of excluded citations to ensure that all relevant material was captured. Discrepancies were resolved by discussion and the full-text article was obtained for the potentially relevant citations identified. Given that the reporting of costs is not always reflected by title or included in the abstract \[[@CR25]\], the full-text article of all citations reporting an outbreak of IMD was obtained and screened independently by two reviewers to identify costing data. Discrepancies between the two reviewers were resolved by discussion or by the involvement of a third reviewer.

Data Collection Process and Data Items {#Sec6}
--------------------------------------

The extracted data included outbreak characteristics (e.g., location, time period, serogroup, age of infected, number of infected, attack rate, hospitalization rate, case fatality ratio) and containment strategies and costs (e.g., number treated, type of treatment, volunteer costs, public health campaign costs, vaccination costs, total costs). As advised in the PRISMA Statement, a draft data extraction form was developed, piloted, and modified as necessary. Two reviewers independently abstracted data from the included studies using the standardized data extraction form.

Synthesis of Results {#Sec7}
--------------------

The systematic review results were summarized descriptively. Using information from the World Bank's operational lending categories, the outbreaks were categorized by the country of origin's income (e.g., low-income defined as \$1,005 per capita or lower) \[[@CR26]\]. Furthermore, the outbreak containment strategies were classified as small (i.e., targeting all members of the school where the outbreak occurred) or large (i.e., targeting everyone in the community). The costs of outbreaks were compared accounting for these two classification criteria. The average cost per containment strategy and range (minimum cost to maximum cost per containment strategy) were calculated, as well as the average cost per IMD case and range (minimum cost to maximum cost per IMD case). To compare results across the studies, costing data were converted to 2010 international United States dollars using purchasing power parities for the particular year of the costing data \[[@CR27]\]. International United States dollars were thereafter adjusted for inflation using the consumer price index for urban consumers (medical care) \[[@CR28]\].

Results {#Sec8}
=======

Study Selection {#Sec9}
---------------

The literature search identified a total of 1,672 titles and abstracts from the literature search (Fig. [1](#Fig1){ref-type="fig"}). These were screened using the eligibility criteria reported in Sect. [1.1](#Sec3){ref-type="sec"} and the full-text of 343 potentially relevant articles were obtained. Reasons for exclusion at the full-text level of screening included that the article did not report costing data (*n* = 294), did not examine the epidemiology of an outbreak (*n* = 30), did not examine IMD (*n* = 1), or was not written in English, Spanish, or French (*n* = 2). Seventeen articles fulfilled the eligibility criteria and were included \[[@CR14]--[@CR16], [@CR29]--[@CR38], [@CR40]--[@CR43]\], reporting information on 24 outbreaks, plus an additional 69 outbreaks reported in a review of data from the Centers for Disease Control and Prevention \[[@CR12]\]. The review article was summarized on its own because it did not report the type of containment strategy associated with the outbreak \[[@CR12]\]. One study \[[@CR13]\] reported data from 7 unpublished outbreaks. Another \[[@CR39]\] reported data from an outbreak summarized by one of the included studies \[[@CR15]\] (i.e., a companion report) and was only used to provide supplementary data. Two of the included studies were published in French \[[@CR35], [@CR37]\] and the remainder were published in English.Fig. 1Study flow

Outbreak Characteristics among High-Income Countries {#Sec10}
----------------------------------------------------

The majority of the outbreaks reported in the included studies occurred in high-income Organization for Economic Co-operation and Development (OECD) countries (or HIC; Table [1](#Tab1){ref-type="table"}). Serogroup C was involved in all of the reported outbreaks, except for outbreaks that occurred throughout the United States between 1994 and 2002, in which the breakdown of serogroups was C (62 %), B (25 %), and Y (13 %) \[[@CR12]\]. Twelve of the IMD outbreaks occurred among young children or adolescents.Table 1Outbreak characteristicsReferenceLocation^a^Outbreak periodSerogroup (clone types)Age and gender of infected individuals (years)Total number infected^b^ (attack rate)Number hospitalized (hospitalization rate of those infected)Number of deaths (case fatality ratio of those infected)High-income countries Houck et al. \[[@CR29]\]Washington state, USA (population of 451,212)Jan 1989--Jun 1991CMedian 3 (0.17--77)40 CC, 5 PC (10 per 100,000)NR9 (20 %) Oakes \[[@CR42]\]Magnolia, Mississippi, USA1990CMedian 7 (2--6)3 (120 per 100,000)NRNR Watson et al. \[[@CR13]\]Jacksonville, North Carolina, USA1990CMedian 7 (6--9)3 (477 per 100,000)NRNR Imrey et al. \[[@CR40]\]Champaing-Urbana, Illinois, USA1991CMedian 19 (18--21)9 (32 per 100,000)NRNR Hendricks \[[@CR13]\]Harris County, Texas, USA1991CMedian 13 (11--13)4 (233 per 100,000)NRNR Banerji et al. \[[@CR30]\]Ottawa, Ontario and Hull, Quebec, Canada (estimated combined population of 734,372)Dec 1991--Jan 1992CAdolescents10 CC (estimated: 1.4 per 100,000)NR5 (50 %) CDC \[[@CR13]\]Butte, Montana, USA1992CMedian 1.8 (0.8--30)7 (21 per 100,000)NRNR Birkhead \[[@CR13]\]Jefferson County, New York, USA1992CMedian 12 (3--49)12 (11.5 per 100,000)NRNR Edmond et al. \[[@CR41]\]Johnson County, Iowa, USA1992CMedian 21 (18--22)5 (5.5 per 100,000)NRNR Jafari \[[@CR13]\]Carroll County, Georgia, USA1992CMedian 15 (3--66)11 (15 per 100,000)NRNR Zeitz \[[@CR13]\]Maricopa County, Arizona, USA1993CMedian 3 (0.1--58)31 (6 per 100,000)NRNR Wenger et al. \[[@CR43]\]Grayson County, Texas, USA1993CMedian 14.5 (1--45)14 (14 per 100,000)NRNR Kurland \[[@CR13]\]Storrs, Connecticut, USA1993CMedian 20 (19--21)3 (19 per 100,000)NRNR Osterholm \[[@CR15]\], Siegel \[[@CR39]\]Mankato, Minnesota, USA (population of 55,000)Jan--Feb 1995CMostly high school students (3--64)9 PC(16 per 100,000)\>5 (55.6 %)1 (11 %) Austin et al. \[[@CR14]\]Illinois, USA (population of 15,000)Feb 11--12, 1996C (enzyme type 24)Boys aged 3--64 CC (205 per 100,000 for children \<10 years)4 (100 %)NR Irwin et al. \[[@CR31]\]Trent, England, United Kingdom (target population of 16,900 for children \<19 years)6 cases Jan 2--16, 2 cases Dec 8, 1995--Jan 16, 1996C (2b, P1.25, P1.2)Children aged 1--177 CC, 1 PC (43 per 100,000 for children \<19 years)NR1 (13 %) Tolomeo et al. \[[@CR32]\]Hamilton-Wentworth region, Canada (population of 400,000)Sept 26--Nov 12 1996CSecondary school students2 primary, 1 secondary: 3 CC (0.75 per 100,000)3 (100 %)0 (0 %) Krause et al. \[[@CR33]\]Two neighboring Florida towns, USA (population of 33,000)Dec 12--29, 1998C(2--18)7 CC (15 per 100,000)NR1 (14 %) Robinson et al. \[[@CR34]\]Victoria, Australia (target school population of 1,600)Aug 26--28 1999C (2a:nst)High school students2 primary, 1 secondary: 3 CC (188 per 100,000)NRNR Renevey et al. \[[@CR35]\]La Gruyère, Switzerland (population of 40,000)Nov 2000--Jan 2001C(P1.2,5,2a :P1.2,5)Median 6 (4--17)4 primary, 3 secondary: 7 CC (10 per 100,000)7 (100 %)NR Brooks et al. \[[@CR12]\]^c^USA (data from the CDC)Jul 1, 1994--Jun 30, 2002C (62 %) B (25 %) Y (13 %)All age groups (39 % 6--17 years, 78 % 2--24 years) male (59%) female (41%)229 CC in 69 outbreaks (median 100 per 100,000: range 10 to 10,000 per 100,000)NR44 (16 %) Weiss et al. \[[@CR16]\]Brooklyn, New York, USANov 12, 2005--Nov 6, 2006C1--80 years29 primary, 2 secondary: 25 CC, 6 PC (\<2 per 100,000)NR8 (26 %)Low-income economies (\$1,005 per capita or lower) Varaine et al. \[[@CR36]\]Guinea, Africa (population of 1,709,705)Nov 1992--Jul 1993A (4.21, P1.9, clone III-1) and CClassified as 0--4, 5--15, \>14 years2,435 PC (142 per 100,000)NR319 deaths (13 %) daSilva et al. \[[@CR37]\]Senegal, West Africa (population of 258,413)1995--96NRNR1995: 33,047 (27,771 per 100,000) 1996: 153,655 (59,461 per 100,000)NRNR Ahmad \[[@CR38]\]Nanoro, Burkina Faso, Africa (estimated population of 33,530)2002W135NR1,500 PC (estimated: 4,474 per 100,000)NR300 deaths (20 %)*CC* confirmed case, *CDC* Center for Disease Control, *CR* companion report, *NR* not reported, *PC* probable case^a^Denominators used to calculate the rates i.e., the population size of the study reported in parentheses^b^During the outbreak period^c^This is a review of outbreaks that does not report each outbreak individually (presents aggregate data only)

The total number of infected per outbreak ranged from 3 to 45 individuals, with an attack rate over the entire outbreak ranging from \<2 to 477 per 100,000 population. Only four of the included studies reported the number of primary and secondary cases (Table [1](#Tab1){ref-type="table"}) \[[@CR16], [@CR32], [@CR34], [@CR35]\].

The studies with the highest number of cases occurred among socially disadvantaged individuals (e.g., ethnic minorities, low socioeconomic status) \[[@CR29]\] and injection drug users infected with IMD \[[@CR16]\]. Four of the studies reported the number of hospitalizations \[[@CR14], [@CR15], [@CR32], [@CR35]\], which ranged from three in an outbreak among secondary school students in Canada \[[@CR32]\] to seven among youths in Switzerland \[[@CR35]\]. The respective hospitalization rate was 55.6 % in an outbreak of mostly high school students in the USA \[[@CR15]\] and 100 % in outbreaks that occurred among boys aged 3--6 years in the USA \[[@CR14]\], secondary school students in Canada \[[@CR32]\], and children and adolescents from Switzerland \[[@CR35]\]. Seven of the studies reported the number of deaths \[[@CR15], [@CR16], [@CR29]--[@CR33]\], which ranged from zero among secondary school students in Canada \[[@CR32]\] to nine among socially disadvantaged individuals in Washington state, USA \[[@CR29]\]. The respective case fatality ratio ranged from 0 % among secondary school students in Canada \[[@CR32]\] to 50 % among adolescents in the Ottawa, Ontario, and Hull, Quebec \[[@CR30]\].

Costs for Small Outbreak Containment Strategies in High-Income Countries {#Sec11}
------------------------------------------------------------------------

Ten of the outbreaks were classified as entailing small containment strategies in HIC (Table [2](#Tab2){ref-type="table"}). Chemoprophylaxis therapy (CPT) was offered as part of the containment strategy in three of the outbreaks. A total of 4,100 socially disadvantaged individuals in Washington, USA, were offered CPT after an outbreak including 40 confirmed cases \[[@CR29]\]. The number of individuals offered CPT was not reported in an outbreak involving 7 confirmed cases among children in the UK \[[@CR31]\]. Finally, an outbreak involving 3 confirmed cases resulted in CPT among 3,712 close contacts, staff, and high school students in Australia \[[@CR34]\]. Only the study that occurred among high school students in Australia reported costs associated with CPT; the cost was \$6 for 100 capsules and 3,712 capsules were administered (total cost of \$228) \[[@CR34]\]. There were 3 confirmed cases for this outbreak, at an average cost per IMD case of \$74.33 for CPT \[[@CR34]\]. One study reported the costs of antibiotics after an outbreak among adolescents in Canada \[[@CR30]\]. The total cost for the antibiotic ceftriaxone was \$12,524 (101 doses at \$124/dose). Because there were 10 confirmed cases involved with this outbreak, the average cost per IMD case for ceftriaxone was \$1,252 \[[@CR30]\].Table 2Outbreak containment strategies and costsReferenceLocation, yearContainment strategyTotal number of casesNumber receiving chemoprophylaxis or drug, unit cost^a^Number vaccinated, vaccine type, unit cost^a^Volunteer costs, medical staff costs^a^Public health campaign costs^a^Total cost^a^Cost per IMD case^a^Small containment strategies (all among high-income countries) Houck et al. \[[@CR29]\]Washington state, USA, 1989--1991Chemoprophylaxis (rifampin) was offered to all contacts of patients40 CC, 5 PC4,100, NR22,801, \$29 eachNRNR\$661,229^b^ for vaccines\$14,694 vaccine cost Watson \[[@CR13]\]Jacksonville, North Carolina, USA, 1990Vaccination of students, close contacts, and parents3NR656 (midpoint cost \$33, range \$10--\$56)NRNR\$21,588 (\$6,570--\$36,606)^b^ for vaccines\$7,196 vaccine cost Imrey et al. \[[@CR40]\]Champaign-Urbana, Illinois, USA, 1991Vaccination of undergraduate students9NR16,000 (midpoint cost \$33, range \$10--\$56)NRNR\$526,539 (\$160,251--\$892,828)^b^ for vaccines\$58,504 vaccine cost Hendricks \[[@CR13]\]Harris County, Texas, USA, 1991Vaccination of students and staff4NR1,150 (midpoint cost \$33, range \$10--\$56)NRNR\$37,845 (\$11,518--\$64,172)^b^ for vaccines\$9,461 vaccine cost Banerji et al. \[[@CR30]\]Ottawa, Ontario and Hull, Quebec, Canada, 1991--1992Patients seen in the ED and clinically considered at moderate risk for meningococcal disease received a single intravenous dose of ceftriaxone 80 mg/kg10 CCDrugs: 101 ceftriaxone doses, \$124 eachNRNRNR\$12,524^b^ for ceftriaxone\$1,252 antibiotics cost Edmond et al. \[[@CR41]\]Johnson County, Iowa, USA, 1992Vaccination of all university students5NR18,000 (midpoint cost \$33, range \$10--\$56)NRNR\$592,357 (\$180,283--\$1,004,431)^b^ for vaccines\$118,471 vaccine cost Kurland \[[@CR13]\]Storrs, Connecticut, USA, 1993Vaccination of students younger than 30 years3NR12,364 (midpoint cost \$33, range \$10--\$56)NRNR\$406,883 (\$123,834--\$689,933)^b^ for vaccines\$135,628 vaccine cost Irwin et al. \[[@CR31]\]Trent, England, UK, 1995--1996Chemoprophylaxis and vaccination of school7 CC, 1 SCNRDirect contacts: 2 school targets: 15,980 people (92 %), total cost of drugs and preparation \$44,562Medical staff: \$227,267NR\$557,028 (8 days)\$69,629 total cost (\$8,704 vaccine cost) Tolomeo et al. \[[@CR32]\]Hamilton-Wentworth region, Canada, 1996Immunize vaccine-eligible students of the entire school, alert media, area physicians, hospitals, and other community partners3 CC18, NR1,453NR37 Health Dept staff, 4 nursing staff, \$39,805\$39,805 excludes vaccine costs and supplies (5 days)\$13,268 public health cost Robinson et al. \[[@CR34]\]Victoria, Australia, 1999Chemoprophylaxis for close contacts, vaccination of school staff and students3 CCCommunity: 3,712 rifampicin capsules, \$6 for 100 capsules; total \$228 for rifampicin1,530 (95 % coverage), \$36,948 vaccineMedical staff: \$4,958 vaccination campaign\$5,014 medical officers, nursing staff, administration, and media\$42,254\$14,085 total cost (\$12,316 vaccine cost)Large containment strategies among high-income countries Oakes \[[@CR42]\]Magnolia, Mississippi, USA, 1990Vaccinated children aged 2--18 in school district and teachers3NR8,500 (midpoint cost \$33, range \$10--\$56)NRNR\$279,009 (\$85,133--\$474,315)^b^ for vaccines\$93,003 vaccine cost CDC \[[@CR13]\]Butte, Montana, USA, 1992Vaccinated county residents aged 1--177NR7,000 (midpoint cost \$33, range \$10--\$56)NRNR\$230,361 (\$70,110--\$390,612)^b^ for vaccines\$32,909 vaccine cost Birkhead \[[@CR13]\]Jefferson County, New York, USA, 1992Vaccinated county residents aged 2--2913NR40,000 (midpoint cost \$33, range \$10--\$56)NRNR\$1,316,349 (\$400,628--\$2,232,069)^b^ for vaccines\$101,258 vaccine cost Jafari \[[@CR13]\]Carroll County, Georgia, USA, 1992Vaccinated county residents aged 2--2911NR20,000 (midpoint cost \$33, range \$10--\$56)NRNR\$658,174 (\$200,314--\$1,116,035)^b^ for vaccines\$59,834 vaccine cost Zeitz \[[@CR13]\]Maricopa County, Arizona, USA, 1992Vaccinated residents of southcentral Phoenix aged 2--931NR55,250 (midpoint cost \$33, range \$10--\$56)NRNR\$1,818,206 (\$553,367--\$3,083,046)^b^ for vaccines\$58,652 vaccine cost Wenger et al. \[[@CR43]\]Grayson County, Texas, USA, 1993Vaccinated county residents aged 2--2914NR11,200 (midpoint cost \$33, range \$10--\$56)NRNR\$368,578 (\$112,176--\$624,979)^b^ for vaccines\$26,327 vaccine cost Osterholm \[[@CR15]\]Mankato, Minnesota, USA, 1995Chemoprophylaxis rifampin and vaccination of 30,0009 PCNR30,000, \$1,477,511Medical staff: 23 days, 18 h per dayPhone bank set up\$1,477,511 for vaccine cost\$164,168 vaccine cost Austin et al. \[[@CR14]\]Illinois, USA, 1996Chemoprophylaxis and vaccination of all children aged 2 years to in the 8th grade in town4 PCNRDirect contacts: 3,500 (86--94 % coverage), NRNRNR\$105,484 or \$7 per town resident\$26,371 Krause et al. \[[@CR33]\]Florida, USA, 1998Chemoprophylaxis of contacts, vaccination of contacts and community for ages 2--227 CC484, rifampicin, ciprofloxacin, or ceftriaxone13,535 Menommune quadrivalent polysaccharide vaccine, \$321,733 (65 % of total cost)Medical staff: \$98,995 (20 % of total cost)\$29,431 (6 % of total cost)\$494,974 (2 weeks)\$70,711 total cost (\$45,962 vaccine cost) Renevey et al. \[[@CR35]\]La Gruyère, Switzerland, 2000--2001Vaccinated all aged 2--17 years7 CCNR9,731 polysaccharide vaccines \$60 per vaccine, \$582,835 total vaccine cost\$54,483NR\$637,319\$91,046 total cost (\$83,262 vaccine cost) Weiss et al. \[[@CR16]\]Brooklyn, New York, USA, 2005--2006Vaccination of adults \>18 years living in 1 of 4 central Brooklyn zip codes with history of illicit drug use and household contacts25 CC, 6 PCNR2,763 MCV4, NRNRNR\$1,081,627 (94 days)\$34,891Large containment strategies among low-income countries Varaine et al. \[[@CR36]\]Guinea, Africa, 1992--1993Target population of people over the age of 1 in districts where rates exceeded 5/100,0002,435 PCNR629,913 A/C polysaccharide vaccine, vaccine cost \$258,108 (59 % of total cost, 14 % injection material)NR3,000 person workdays (16 % logistics, 11 % wages of total cost)\$437,471\$180 total cost (\$106 vaccine cost) daSilva et al. \[[@CR37]\]Senegal, West Africa, 1995--1996NR33,047 (1995) 153,655 (1996)NR85,925, \$0.46/ polysaccharide A/C meningococcal and yellow fever vaccine (calculated cost of \$39,526)\$4,360 Coordination, supervision, procurement, transport, social mobilization, paperNR\$58,363\$0.31 total cost (\$1.20 vaccine cost) Ahmad \[[@CR38]\]Nanoro, Burkina Faso, Africa, 2002Vaccination of people in Burkina Faso's Nanoro district1,500 PCNR135,000, trivalent A/C/W135 vaccine, \$1/dose, \$135,000 totalNRNRDonations of \$9,726,937\$6,485 total cost (\$90 vaccine cost)*CC* confirmed case, *ED* emergency department, *EMS* emergency medical services, *IMD* invasive meningococcal disease, *MCV* meningococcal conjugate vaccine, *NR* not reported, *PC* probable case^a^Converted to USD 2010^b^Vaccine cost calculated by multiplying the number of vaccinations by unit cost

Nine reports of the small outbreak containment strategies reported the number of vaccinated. Across these reports, the total number vaccinated was 89,934 individuals, ranging from the vaccination of 656 students, close contacts, and parents after an outbreak involving 3 children in North Carolina, USA \[[@CR13]\] to 16,000 undergraduate students after an outbreak including 9 university students in Illinois, USA \[[@CR13], [@CR40]\]. The average number of vaccinees across these outbreaks was 9,992 (89,934 in nine outbreaks). Of these, eight outbreaks reported costs associated with vaccination \[[@CR13], [@CR29], [@CR31], [@CR34], [@CR40], [@CR41]\]. The average vaccination cost per small containment strategy was \$61,049 (\$488,393 in eight outbreaks; range \$21,588--\$661,229) and the average vaccination cost per IMD case was \$45,622 (\$364,974 in eight outbreaks; range \$8,704--\$135,628).

Medical staff costs were reported in two studies as being \$4,958 in one outbreak \[[@CR34]\] and \$227,267 in another \[[@CR31]\]. None of the studies reported fire, police, or emergency medical service costs. One study reported that 37 health department staff and 4 nursing staff were involved in the public health campaign at a cost of \$39,805 over 5 days, with an average cost of \$13,268 per IMD case \[[@CR32]\]. Another study reported that medical officer, nursing, administration, and media staff were associated with a cost of \$5,014 \[[@CR34]\].

Only two of the studies reported the total costs (which was undefined by the reports---they merely classified them as total costs) associated with the outbreaks, which ranged from \$42,254 \[[@CR34]\] to \$557,028 \[[@CR31]\] (Table [3](#Tab3){ref-type="table"}). The average cost per small containment strategy was \$229,641 and the average cost per IMD case was \$41,857 (range \$14,085--\$69,629).Table 3Total costs by type of containment strategy and casesEconomic classification and containment typeAverage cost per containmentRange of cost per containmentAverage cost per IMD caseRange of cost per containmentHigh-income countries Small containment strategies (*n* = 2 studies reporting this data \[[@CR31], [@CR34]\])\$299,641\$42,254--\$557,028\$41,857\$14,085--\$69,629 Large containment strategies (*n* = 4 studies reporting this data \[[@CR14], [@CR16], [@CR33], [@CR35]\])\$579,851\$105,484--\$1,081,627\$55,755\$26,371--\$91,046Low-income countries Large containment strategies (*n* = 3 studies \[[@CR36]--[@CR38]\])\$3,407,590\$58,363--\$9,726,937\$2,222\$0.31--\$6,465*IMD* invasive meningococcal disease

Costs for Large Outbreak Containment Strategies in High-Income Countries {#Sec12}
------------------------------------------------------------------------

Eleven of the outbreaks were classified as entailing large containment strategies in HIC (Table [2](#Tab2){ref-type="table"}). CPT was offered as part of the containment strategy in three of the outbreaks \[[@CR14], [@CR15], [@CR33]\]. However, only one study reported the number offered rifampicin, ciprofloxacin, or ceftriaxone (484 individuals) after an outbreak involving 7 youth cases \[[@CR33]\]. The costs associated with CPT were not reported in any of the studies, nor was any additional information on antibiotic administration.

All of the reports of large outbreak containment strategies reported the number vaccinated. Across these reports, the total number vaccinated was 201,479 individuals, ranging from the vaccination of 3,500 direct contacts of 4 boys aged 3--6 years in Illinois, USA \[[@CR14]\], to the vaccination of 55,250 residents of south central Phoenix aged 2--9 years after an outbreak involving 31 individuals in Arizona, USA \[[@CR13]\]. The average number of vaccinees across these outbreaks was 18,316 (201,479 in 11 outbreaks). Of these, 9 reported costs associated with vaccination \[[@CR13], [@CR15], [@CR33], [@CR35], [@CR42], [@CR43]\]. The average vaccination cost per large containment strategy was \$783,640 (\$7,052,756 in 9 outbreaks, range \$230,361--\$1,477,511) and the average vaccination cost per IMD case was \$73,931 (range \$26,327--\$164,168).

Medical staff costs were reported as \$98,995 \[[@CR33]\] and \$54,483 \[[@CR35]\] in two of the large containment strategies occurring in HIC. Public health costs were only reported in one study, which totaled \$29,431 \[[@CR33]\]. None of the studies reported emergency medical service costs.

Four of the studies reported the total costs associated with the outbreaks (which was undefined by the reports), ranging from \$105,484 \[[@CR14]\] to \$1,081,627 over 94 days \[[@CR16]\] (Table [3](#Tab3){ref-type="table"}). The average cost per large containment strategy was \$579,851 and the average cost per IMD case was \$55,755 (range \$26,371--\$91,046).

Review of Outbreaks: July 1994 to June 2002 in the United States {#Sec13}
----------------------------------------------------------------

One of the included studies was a review of IMD outbreaks occurring between July 1994 and June 2002 in the United States, mostly using data from health departments and the Centers for Disease Control and Prevention \[[@CR12]\]. Because this study only reported aggregate data, we were unable to include it with the other results. Characteristics of outbreaks were compared with sporadic cases identified through population-based surveillance. A total of 69 outbreaks were identified, including 229 patients, with a median of 9.5 outbreaks per year (range 3--14). The majority of outbreaks were due to IMD serogroup C (62 %), while B and Y caused 25 and 13 % of the outbreaks, respectively. The majority of the outbreaks occurred in communities (25/69, 36 %), while 29 % occurred in primary and secondary schools, 17 % occurred in college and university settings, and 12 % occurred in nursing homes. Vaccination campaigns were implemented for less than half of the outbreaks, with an estimated total cost of more than \$15,705,224 (based on a unit cost of \$88 per vaccine). The calculated vaccine cost per IMD case was \$67,272. A total of 44 individuals died due to IMD and the case fatality ratio was 16 %.

Outbreak Characteristics Among Low-Income Countries {#Sec14}
---------------------------------------------------

Three of the studies reported outbreaks that occurred in low-income countries (LIC) in Africa (i.e., \$1,005 per capita or lower) \[[@CR36]--[@CR38]\] (Table [1](#Tab1){ref-type="table"}). The IMD serogroup was not reported in one study \[[@CR37]\], but was reported as type A and C in one study \[[@CR36]\] and type W135 in another \[[@CR38]\]. None of these studies reported the proportion of cases by age.

One outbreak occurring in Guinea in 1992 to 1993 resulted in 2,435 probable cases, with an attack rate of 142 per 100,000 \[[@CR36]\]. The age range of infected individuals was not reported. The number of hospitalizations was not reported but there were 319 deaths (case fatality ratio of 13 %) \[[@CR36]\]. Another outbreak occurring in Senegal, West Africa, involved 33,047 infected in 1995 (attack rate 27,771 per 100,000) and 153,655 infected in 1996 (attack rate of 59,461 per 100,000) \[[@CR37]\]. The age range of cases was not reported, nor was the number of hospitalizations or deaths. The third outbreak occurred in Nanoro, Burkina Faso, in 2002 and resulted in 1,500 probable cases (estimated attack rate of 4,474 per 100,000) \[[@CR38]\]. The age range of the infected was not reported, nor was the number of hospitalizations. The authors reported 300 deaths (case fatality ratio of 20 %) associated with this outbreak \[[@CR38]\].

Costs for Large Outbreak Containment Strategies in Low-Income Countries {#Sec15}
-----------------------------------------------------------------------

In one study, the number of infected was 33,047 in 1995 and 153,655 in 1996, resulting in 85,925 individuals vaccinated at a total vaccine cost of \$39,526 \[[@CR37]\]. Volunteer and medical staff costs were \$4,360 in this outbreak \[[@CR37]\]. Another study reported 2,435 infected, which resulted in the vaccination of 629,913 individuals with a total vaccine cost of \$258,108 \[[@CR36]\]. The third study reported 1,500 cases, resulting in the vaccination of 135,000 individuals at a total vaccination cost of \$135,000 \[[@CR38]\]. The average vaccination cost per large containment strategy in Africa was \$144,211 (\$432,634 in three outbreaks, range \$39,526--\$258,108) and the average vaccination cost per IMD case was \$66 (range \$1.20--\$106).

The total costs related to the outbreaks ranged from \$58,363 \[[@CR37]\] to donations of \$9,726,937 \[[@CR38]\] (Table [3](#Tab3){ref-type="table"}). Based on these three African outbreaks, the average cost per containment strategy was \$3,407,590 and the average cost per IMD case was \$2,222 (range \$0.31--\$6,465).

Discussion {#Sec16}
==========

We performed a systematic review to assess the costs of IMD outbreaks, which occurred in HIC and LIC in Africa and entailed small (direct contacts) and large (community level) containment strategies. Sixteen articles reporting data on 93 outbreaks fulfilled the eligibility criteria and were included after screening 343 full-text articles and 1,672 citations. Five studies reported the use of small containment strategies including targeted vaccination and chemoprophylaxis, which all occurred in HIC. Eight studies reported large containment strategies involving widespread vaccination targeting a specific age group or community. Based on the total costs reported by four studies in HIC, the average cost per large containment strategy was \$579,851 (range \$105,484--\$1,081,627) and the average cost per IMD case was \$55,755 (range \$26,371--\$91,046). In LIC in Africa, the average cost per large containment strategy was \$3,407,590 (range \$58,363--\$9,726,937) and the average cost per IMD case was \$2,222 (range \$0.31--\$6,465) based on data from three studies. These results demonstrate the economic impact of IMD outbreaks on healthcare systems internationally.

We found that total costs associated with IMD outbreaks were highest in LIC in Africa when compared with HIC. In HIC, small outbreak containment strategies had approximately 50 % lower total costs compared to large outbreak containment strategies. The average cost per IMD case was similar for both small and large containment strategies in HIC, yet was the lowest in Africa even after purchasing power parity adjustment. Some explanations for the differences between LIC and HIC include the use of cheaper vaccines (e.g., polysaccharide vaccine) and fewer community interventions in Africa.

Many of the outbreaks in HIC occurred in children and adolescents. This supports recent decisions in USA, Canada, and other countries to vaccinate with A, C, W, Y vaccines routinely in adolescents, even though the incidence is low. It is believed that by vaccinating adolescents (the major transmitters of the disease) \[[@CR7]\] with conjugate vaccines, herd effects may also result in protection against carriage and disease in unvaccinated individuals \[[@CR17]\]. In addition, a review of IMD outbreaks reported that cases from outbreaks had over three times the odds of dying versus sporadic cases (odds ratio 3.3, 95 % confidence interval 2.0--5.5) \[[@CR12]\]. They concluded that although outbreaks were rare, the case fatality ratio was higher for cases resulting from outbreaks compared to sporadic cases \[[@CR12]\]. Cases associated with outbreaks are therefore associated with a higher disease burden. This is an important element for consideration in health economic studies.

An important health economic question is: does the cost of routine vaccination for a very low-incidence disease offset the costs public health would spend in outbreak situations, and is routine vaccination cost-effective? It's a difficult question to answer given the unpredictability of the disease, and in addition for one to truly assess this, they would need to also account for the societal impact of outbreaks, which is typically not included in health economic models.

A framework has been published in *PharmacoEconomics* on important elements that should be reported in studies that analyze costs \[[@CR44]\]. The purpose of the study, perspective, time horizon, and discounting of future costs should be reported. The types of resources used in the analysis should be reported and classified. The measures of the resources used should be described including unit of measurement, sources of data, adjustments of measures, and the level of uncertainty in the costing measures. The resource valuation that is applied to each of the units should be reported, including the measures used to obtain the costs, adjustments to the costs, and uncertainty of the costs. Finally, it should be reported whether the costs are per patient, comparator, or overall costs. None of the included costing studies fulfilled the majority of these criteria.

Another important finding of this systematic review was that the burden of outbreaks goes beyond economic impact. Nearly every article commented on the tremendous and immediate disruption to the communities and the public at large, as well as mass public fear and anxiety largely driven by the media \[[@CR12], [@CR15], [@CR33]\]. Given the unpredictable nature of IMD, most communities were not prepared for such containment initiatives. This raises important economic questions about opportunity costs and the impact from a societal perspective. Given this societal burden, another important question needs to be addressed: what is the overall societal value in terms of economic benefit and beyond such as on the quality of life or the disruption to the affected community in avoiding these outbreaks? This is difficult to quantify and is never taken into account in health economic studies, and, therefore, the societal value of these vaccines is underestimated, but a key factor in decision making \[[@CR45]\].

It is also worth noting that many outbreaks were not reported in the literature \[[@CR13]\], and therefore the impact and costs of outbreaks are likely underestimated. Furthermore, none of the studies reported costs related to emergency medical services and few reported public health campaign costs. This suggests that our costing estimates are conservative.

Over 300 full-text published articles relevant to meningococcal disease outbreaks were identified and examined in depth. However, only a small proportion adequately reported relevant costs and very few (*n* = 3) indicated in the title/abstract that costs were examined. Individuals conducting studies on outbreaks who examine costs should report that they examined costs in their title or abstract. Similarly, systematic reviewers conducting reviews of the cost of outbreaks will need to be cautious and recognize that these studies are poorly reported. Furthermore, comparing the attack rate across the studies was difficult, because some used the entire population as the denominator while others used the target population as the denominator. The systematic review process was limited because not all languages were included. However, we did include studies written in English, Spanish, and French, which decreases the potential for language bias. Furthermore, we calculated an average cost per IMD case, although this was based on very little data and probably cannot be generalized. However, these costs give a range of what the economic burden can be per case based on age groups affected and region.

Conclusion {#Sec17}
==========

IMD outbreaks were associated with substantial costs. Most of the studies noted a high public health burden with respect to public fear, anxiety, and immediate disruption to the affected communities. Small outbreak containment strategies had approximately 50 % lower total costs compared to large outbreak containment strategies in HIC, yet total costs were highest in LIC. The average cost per IMD case was similar for both small and large containment strategies in HIC, yet was the lowest for LIC even after purchasing power parity adjustment. This might be due to the use of cheaper vaccines in LIC (e.g., polysaccharide vaccine) versus HIC. Cases associated with outbreaks were likely to result in higher disease burden compared to sporadic cases, due to higher case fatality ratios. Numerous reports on IMD outbreaks were identified, but few reported on the containment costs. More research in this area is warranted.

Appendix: Search strategy for MEDLINE {#Sec18}
=====================================

exp Neisseria meningitidis/"invasive meningococcal disease".mp.(invasive adj2 (meningococcal or meningitis or meningococcal or meningitidis)).mp.(neisseria adj2 (meningitis or meningitidis)).mp.exp Meningococcal Infections/exp Meningitis, Meningococcal/exp Disease Outbreaks/(disease adj2 outbreaks).mp.or/1-6or/7-89 and 10limit 11 to (humans and yr = \"1990-Current")
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